Truncating variants in the TTN gene (TTNtv) are common in patients with dilated cardiomyopathy (DCM) but also occur in the general population. Whether TTNtv are sufficient to cause DCM or require a second hit for DCM manifestation is an important clinical issue.
T runcating mutations in the TTN gene (TTNtv) are present in 15% to 20% cases of dilated cardiomyopathy (DCM) but also occur in 0.36% to 3% of the general population. [1] [2] [3] [4] [5] Because of this variable expressivity, the prognostic significance of finding a TTNtv in any single individual is uncertain. This is an important unresolved clinical issue that has relevance not only to patients with DCM but also to the escalating numbers of individuals undergoing personal genome sequencing in whom TTNtv are discovered as incidental findings. It has been proposed that not all TTNtv are equal and that pathogenicity differs according to variant location, with DCM-associated TTNtv enriched in exons that are constitutively expressed across all cardiac titin isoforms especially in the titin A-band and distal I-band regions. [3] [4] [5] [6] [7] However, these stratification criteria do not adequately segregate subjects with and without a DCM phenotype, and many apparently healthy individuals carry TTNtv that would be predicted deleterious.
A key question is whether TTNtv are primary causes of DCM or modifiers of disease susceptibility. Cosegregation of TTNtv with DCM in families suggests that these variants can be disease causing. However, up to 44% of DCM patients with TTNtv carry additional deleterious variants in other cardiomyopathy genes, 8 and background genetic effects alter phenotypic features of TTNtv in human induced pluripotent stem cell-derived cardiac microtissues. 9 Moreover, murine and rat TTNtv models reported to date have not shown spontaneous contractile defects and have only developed DCM when exposed to pharmacological or mechanical environmental stressors. 7, 10, 11 Genetically modified zebrafish are a useful model to study the cardiac effects of TTNtv. Zebrafish have 2 titin genes, ttna and ttnb, that show ≈60% overall identity to human TTN, with higher conservation in the Z-line, A-band, and M-line regions. 12 During embryonic development, ttna is the main titin ortholog and is highly expressed in cardiac and skeletal muscle. 12 Homozygous ttna mutants show abnormally developed poorly contractile hearts with skeletal myopathy present in some lines. 6, [13] [14] [15] In contrast, ttnb is preferentially expressed in skeletal muscle, and neither ttnb embryonic morphants nor mutants show cardiac dysfunction. 12, 15, 16 Studies of heterozygous mutants have been limited by a lack of tools for in vivo evaluation of adult zebrafish hearts. The recent development of high-frequency ultrasound has been a major advance that now makes such studies possible. 17 Here, we report the generation and characterization of zebrafish mutants that carry an A-band ttna truncation that we identified previously in 2 unrelated human probands with familial DCM. 3 Our data reveal intrinsic defects of systolic and diastolic ventricular function that are dose, age, and sex dependent. We show that heterozygosity for A-band titin truncation is sufficient to cause DCM in zebrafish hearts and that ttna-related functional defects impair tolerance to hemodynamic stress. 
METHODS

Data
RESULTS
Genotype-Phenotype Correlations in 2 Kindreds With TTNtv Suggest Volume Overload as a Disease Modifier
Clinical and genetic studies were performed in 2 unrelated kindreds with DCM in which the probands were found to carry the same TTNtv (p.Arg26331* [NM_001267550]; Figure 1A and 1B; Table I in the Data  Supplement) . 3 This TTNtv is located in a highly utilized exon (exon 327, proportion spliced-in: 0.95) in the titin A-band and was absent from the Exome Aggregation Consortium database. Both probands had undergone genetic testing using a 69-gene panel with no additional likely disease-causing variants identified. p.Arg26331* TTN was present in all 6 affected individuals tested and in 1 affected obligate carrier. There were 3 unaffected genotype-positive individuals, aged 44 to 65 years.
The Family BR proband, III-3 ( Figure 1A ), was an 18-year-old female who had surgical correction of Tetralogy of Fallot at 4 years of age. Despite a successful procedure, which included reconstruction of the right ventricular outflow tract, she developed pulmonary valve regurgitation and right ventricular dilatation during early adolescence. She was diagnosed with severe biventricular DCM at 18 years of age, had a rapid downhill course, and died within months. The Family EA proband, II-6 ( Figure 1B ), was diagnosed with peripartum cardiomyopathy at 27 years of age during her second pregnancy. She responded poorly to medical therapy and required heart transplantation. Both probands had DCM that was more severe and earlier in onset than other affected family members, and in each case, appeared to be precipitated by conditions associated with volume overload.
Generation of a Zebrafish Line With A-Band ttna Truncation
To determine the phenotypic effects of p.Arg26331* TTN, we introduced a homologous variant into the zebrafish ttna gene ( Figure 1C) . Two different ttna truncating alleles with the same phenotype were obtained, suggesting a lack of significant off-target effects (data not shown), and sequencing of the ttnb locus at the orthologous A-band position showed it was unaltered in both alleles. We subsequently focused on 1 To determine titin protein levels in wild-type and mutant fish, we used polyacrylamide/agarose gel electrophoresis followed by Coomassie staining and densitometry as described. 9 On 2.5% gels, there were 2 prominent bands in whole embryo and adult heart tissues that were presumed to represent N2BA-(upper band) and N2B-(lower band) containing isoforms of ttna and ttnb ( Figure  IC in the Data Supplement, upper). On 1.8% gels, both of these bands were separated into several components that differed between whole embryos and adult hearts but not between genotypes ( Figure IC There was no evidence of a truncated titin peptide at the expected size in any tissues studied. This is similar to previous reports in zebrafish, rats, and humans with A-band titin truncations (see discussion).
3,7,15
Homozygous Embryonic ttna tv/tv Mutants Show Severe Cardiac Dysmorphogenesis
Heart function was evaluated in embryonic zebrafish using video microscopy. At 1-day post fertilization, ttna tv/tv embryos showed a severe reduction in cardiac contractility and absent circulation ( Figure 2A ). By 3-days post fertilization, there was widespread edema and heart chambers were virtually akinetic with ventricular and atrial fractional area change reduced to 3.1±0.5% and 4.1±0.6%, respectively, in comparison to 37.8±5.4% (P<0.0001) and 48.3±6.3% (P<0.0001) in ttna +/+ siblings. All ttna tv/tv mutants died by 10-days post fertilization (P<0.0001; Figure 2B ). Heart function and survival in ttna tv/+ and ttna +/+ embryos were indistinguishable. Whole-mount immunostaining with the Z-band titin antibody, T12, showed a regular myofibril striation pattern in the hearts of ttna +/+ embryos at 3-days post fertilization with irregular periodicity seen in ttna tv/tv embryos (Figure 2C) . The M-band protein myomesin failed to show its normal sarcomeric localization and was diffusely distributed throughout the cytosol in ttna tv/tv embryos, suggesting absence of full-length titin protein ( Figure 2C ). Skeletal muscle from ttna tv/tv embryos showed T12 and myomesin staining patterns that were similar to cardiac muscle, as well as a marked reduction in birefringence indicative of severe muscle loss ( Figure II in the Data Supplement).
Heterozygous ttna tv/+ Mutants Develop Adult-Onset DCM
Male and female ttna tv/+ fish survived to adulthood with similar 12-month mortality (≈10%) to ttna +/+ fish (P=0.70). Mature egg-carrying female fish were larger and heavier than male fish, although female mutants were smaller than wild-type siblings ( Figure 3A ). Serial echocardiography was performed in male and female ttna +/+ and ttna tv/+ fish from 3 to 12 months of age (Tables  II through IV in the Data Supplement) . There were significant effects of age (P<0.001; 3-way ANOVA) and genotype (P<0.001) on end-diastolic ventricular size, with male and female ttna tv/+ fish showing progressive dilation ( Figure 3B ). The most significant determinant of ventricular systolic function was genotype (P<0.001), with reduced ejection fraction (EF) in both male and female ttna tv/+ fish from 6 months of age ( Figure 3C ) and reductions in global longitudinal strain (GLS) from 9 months ( Figure 3D) .
As previously noted, 17 female fish had lower E wave velocities compared with males and showed increasing reliance on atrial contraction for ventricular filling (Figure 3E through 3G) . The peak velocity of the transmitral A wave increased with age in ttna +/+ fish and in female ttna tv/+ fish ( Figure 3F ). Interestingly, these effects of age were not seen in male ttna tv/+ fish, potentially indicative of progressive atrial contractile impairment. Atrial size was similar in male ttna +/+ and ttna tv/+ fish at all ages studied, but older female ttna tv/+ fish had larger atria than age-matched ttna +/+ fish ( Figure 3H ). ECGs ) and atrial (A-FAC) and survival curves for +/+ (green), tv/+ (blue), and tv/tv (red) embryos from 2 to 15 dpf. Data are shown as mean±SEM; ***P<0.0001 (1-way ANOVA); scale bar=30 µm, n=15 to 25/group. C, Coimmunostaining of embryonic hearts with phalloidin (red) and antibodies to Z-disk titin (T12, green, left) or myomesin (green, right); n=8/group. In +/+ fish, there is colocalization of Z-disc titin with actin filaments (overlap seen in yellow) with gaps in M-band staining. Z-disc titin striations remain detectable in some tv/ tv embryos, but their regular periodicity is reduced. Staining patterns for tv/+ embryos were similar to +/+ (data not shown). In tv/tv embryos, there is a loss of Mband striation and diffuse cytosolic localization of myomesin.
showed modest prolongation of the QRS interval in 6-month-old male ttna tv/+ fish (31±4 ms) compared with ttna +/+ siblings (26±3 ms; P=0.01), but no other abnormalities were detected and no spontaneous arrhythmias occurred during ECG recordings ( Figure III in the Data Supplement).
Myocardial Ultrastructure Is Preserved in ttna tv/+ Fish
Cardiac histopathology was evaluated in 6-month-old male fish. Heart tissue sections stained with hematoxylin and eosin showed mild-ventricular enlargement in ttna tv/+ fish when compared with ttna +/+ fish, but overall morphology was otherwise similar ( Figure 4A ). There was no evidence of myocardial fibrosis, either with picro-Mallory staining of heart sections ( Figure 4B normal on electron micrographs ( Figure 4D ). Quantification of the relative proportion of the myocardium that was occupied by myofibrils showed significant reductions of sarcomere content in ventricles and atria in ttna tv/+ hearts ( Figure 4D ).
ttna tv/+ Fish Show Impaired Contractile Responses and Reduced Diastolic Filling With Hemodynamic Stress
Stress conditions can be effectively modeled in zebrafish using phenylhydrazine (PHZ) treatment that induces hemolytic anemia and a hyperdynamic state. 17 We treated groups of weight-matched 6-month-old male ttna +/+ and ttna tv/+ siblings with PHZ 0.6 µg/mL or vehicle for 21 days. Male fish were used because weight variability in females due to oocyte content impeded accurate PHZ dosing. Heart size was larger in PHZ-treated fish when compared with vehicle-treated fish for both genotypes ( Figure 5A ), and there were appropriate increments in heart rate and cardiac output in response to anemia induction (Table V in the Data Supplement).
Serial echocardiographic studies were performed in individual fish before and after PHZ. There were baseline differences in end-diastolic volume between ttna +/+ and ttna tv/+ fish, with increases in ventricular chamber size post-PHZ in both groups ( Figure 5B ). Baseline EF was lower in ttna tv/+ fish than in ttna +/+ fish. Post-PHZ, there was a significant increase in mean EF in ttna +/+ fish as expected with induction of a hyperdynamic state, but this did not occur in ttna tv/+ fish ( Figure 5C ). When individual fish were considered ( Figure 5D) an increase in EF, with 13 (52%) having no change, and 5 (20%) deteriorating. For other parameters of systolic function, GLS and maximal aortic acceleration showed baseline genotype differences and blunted responses to hemodynamic stress, while genotype differences in ś and GLS rate in peak systole were unmasked by stress (Table V in the Data Supplement). Unlike PHZ-treated fish, ventricular size and contraction were unchanged in vehicle-treated fish (Table VI in the Data Supplement) .
Ventricular diastolic function, as assessed by the peak E ( Figure 5E ) and A wave ( Figure 5J) velocities and E/A ratio (Table V in the Data Supplement), showed no genotype differences at baseline and equivalent responses to PHZ. However, isovolumic relaxation time was significantly prolonged in ttna tv/+ ventricles both before and after treatment ( Figure 5I ). Despite an absence of baseline genotype differences, peak é velocity changes with PHZ were also less in ttna tv/+ than in ttna +/+ fish ( Figure 5F ), providing further evidence of an early diastolic relaxation defect. Although the increased E/é ratio with PHZ in ttna tv/+ hearts might indicate higher ventricular filling pressure (Figure 5G ), the fact that the higher E/é ratio was driven entirely by the reduced é rather than by any increase in E limits this interpretation. The GLS rate in early diastole was not significantly lower in ttna tv/+ than in ttna +/+ hearts at baseline, but genotype differences became significant after PHZ, akin to the results for é ( Figure 5H ). The GLS rate in late diastole was significantly lower in ttna tv/+ than in ttna +/+ fish at baseline and showed a smaller increment with treatment ( Figure 5L ). Given the similar peak A wave velocities in ttna +/+ and ttna tv/+ fish, the reduced ability of the myocardium to move in response to this filling (ie, lower GLS rate in late diastole) suggests that ttna tv/+ fish have higher passive diastolic stiffness. This increased stiffness was not attributable to myocardial collagen deposition ( Figure IV in the Data Supplement) and was associated with relatively greater atrial dilation in PHZ-treated ttna tv/+ fish when compared with ttna +/+ fish ( Figure 5M ). There were comparable increases in expression levels of the ventricular heart failure marker, natriuretic peptide B (nppb) in PHZ-treated ttna +/+ and ttna tv/+ fish, with ttna tv/+ fish also showing increases in natriuretic peptide A (nppa), a marker of atrial mechanical stress ( Figure 5N ). PHZ-induced anaemia was comparable in ttna +/+ and ttna tv/+ fish, as judged by similar reductions in hemoglobin levels to 15% to 20% of baseline values ( Figure 5O ).
DISCUSSION
Here, we find that zebrafish with an A-band titin truncation spontaneously develop DCM. Homozygous mutants had severe embryonic cardiac defects while heterozygous mutants had adult-onset disease analogous to affected heterozygous human TTNtv carriers. Our data point to a highly conserved role of titin in normal cardiac function and in mechanical stress responses and have implications for volume load as a clinically relevant modifiable risk factor in human TTNtv-associated DCM.
A fundamental issue addressed in this study is whether or not titin truncations are pathogenic alone or contribute to a sensitized substrate that requires a second hit trigger to unmask DCM. This conundrum has arisen because of the presence of TTNtv carriers not only in DCM cohorts but also in the general population [1] [2] [3] [4] [5] and the lack of spontaneously occurring DCM in heterozygous rodent models reported to date. 7, 10, 11 Our family data incompletely resolve this issue. The p.Arg26331* TTNtv had a high a priori likelihood of pathogenicity because it has not been seen in population cohorts and is located in a highly utilized exon in the titin A-band. In Families BR and EA, this TTNtv was present in all of the affected individuals, consistent with a role in disease causation. However, there were also several unaffected genotype-positive individuals in both kindreds, a scenario that is not uncommon in DCM families and could be explained by either nonpenetrance or age-and sexrelated penetrance. 2, 18 Whether unaffected TTNtv carriers might also harbor genetic and acquired factors that protect against DCM remains to be investigated.
A major result of our study was that a ttna truncation analogous to the human p.Arg26331* TTNtv was sufficient to cause DCM in adult heterozygous zebrafish. These observations differ from those in mice with a heterozygous knockin of a human TTNtv and in rats with a titin A-band truncation. 7, 10, 11 This varying threshold for DCM development may be explained in part by species differences in myocardial titin isoform composition. In contrast to the human ventricle, in which the N2BA:N2B titin isoform ratio is 30:70, 19 there is a greater predominance of the N2B isoform in rats (range, 15:85-5:95) and mice (range, 20:80-10:90). 20, 21 Consequently, the rodent heart is intrinsically stiffer than the human heart, and this may mitigate against DCM development. The high basal levels of sympathetic activation in rodents may also help to sustain compromised contractile function. The N2BA:N2B ratio in zebrafish hearts (≈40:60) is similar to the human ratio and relatively less N2B-predominant than rodents. In many other respects, including heart rate, zebrafish are more closely related to humans than are mice and rats. 22 How do titin truncations cause ventricular systolic dysfunction? There has been debate as to whether truncated titin proteins are present and have dominant negative effects on sarcomere function or undergo nonsense-mediated degradation and act by haploinsufficiency. 3, 7, 9, 10, 15 Recent rat studies favor haploinsufficiency, with evidence to suggest that mutant protein is synthesized but undergoes rapid degradation. 7 Our zebrafish findings are similar to observations in humans, rats, and mice, with no clear evidence of either truncated titin protein or reduced protein levels on Western blot analysis. 3, 7, 10, 15 In these experiments, we normalized titin protein to myosin heavy chain, and we are unable to exclude the possibility of parallel reductions of both proteins in ttna tv/+ hearts. Reductions of ttna could also be masked by upregulation of ttnb isoforms, which are of similar size to ttna. However, at the transcript level, we found no genotype differences in ttnb expression in adult ttna tv/+ fish. Any changes in ttnb, if present, were unable to rescue the DCM phenotype.
Reduced amounts of full-length titin may give rise to structural instability of sarcomeres or inhomogeneity of thick and thin filament interactions, resulting in mechanical inefficiencies of cross-bridge cycling. These changes would be expected to impair contraction and increase energy requirements, and adaptive metabolic changes were documented in the rat model. 7 These A-band defects might be augmented by loss of the contractile energy that is normally produced by refolding of titin I-band immunoglobulin domains. 23 Intriguing insights into the functional effects of titin truncation have been gained by studies of human induced pluripotent stem cell-derived cardiomyocytes. 9, 24 Using live cell imaging, Chopra et al 24 recently showed that coupling of titin to protocostameres was critically required for initiation of sarcomere assembly from the cardiomyocyte cell periphery. In cells with titin-truncating variants, defective mechanical connections resulted in reduced sarcomerogenesis. Hinson et al 9 found that induced pluripotent stem cell-derived cardiomyocytes from a human heterozygous TTNtv carrier had disorganized, shortened sarcomeres and ventricular tissue from the same patient showed myofibril disorganization. Visible sarcomeric structural changes are not invariably present, however, in human TTNtv carriers, 2 and were not observed in adult mutant fish, despite modest genotype differences in cardiac sarcomere content. Collectively, current data support a mechanistic paradigm in which sarcomere deficiency impairs contractile performance in titin-deficient myocardium. The extent to which there is a developmentally determined cardiomyopathic substrate that provides a template for adult-onset TTNtv-related heart disease remains unclear.
In light of the observed reduction of sarcomere content and titin's established role in mechanical stretch sensing, 25, 26 it is not surprising that titin-deficient hearts have reduced tolerance of mechanical stress. Clinical observations in Families BR and EA pointed to increased hemodynamic load as a likely TTNtv phenotype-modifying factor, with probands showing DCM onset with severe pulmonary regurgitation and pregnancy, respectively. The importance of pregnancy in the context of TTNtv was highlighted in a study of 172 women with peripartum cardiomyopathy, 10% of whom were found to carry TTNtv. 27 Adverse effects of acute wall stretch were also found in ex vivo Langendorff preparations from TTNtv rats, with progressive reductions of dP/dt max in response to incremental balloon dilations. 7 Our data extend these studies by showing in vivo that ttna tv/+ fish have impaired contractile reserve when exposed to an anemia-induced sustained hyperdynamic state.
Here, we find that 6-month-old ttna tv/+ fish also have impairment of diastolic reserve that limits ventricular filling under stress conditions. The mutant fish had prolonged isovolumic relaxation indicative of abnormal early diastolic function. This is often a manifestation of impaired active ventricular relaxation but can also reflect reduced restoring forces in the myocardium, which might be predicted in titin-deficient hearts. 25 ttna tv/+ fish also showed a reduction in GLS rate in late diastole that is suggestive of increased late diastolic passive stiffness. There was no evidence of increased fibrosis in ttna tv/+ hearts at baseline or after PHZ treatment, but the extent to which other factors might alter ventricular compliance has yet to be determined. Increased stiffness in ttna tv/+ ventricles would be at odds, however, with the reduced contractile reserve that was seen with hemodynamic stress, as one would expect lengthdependent activation to be increased in stiffer hearts. Assessment of titin isoforms and phosphorylation status in ttna tv/+ hearts could shed light on this conundrum. Shifts in the N2BA:N2B isoform ratio to favor more compliant isoforms have been found in humans in settings of volume overload and heart failure and these adaptive changes would further depress FrankStarling responses.
, 19, 28, 29 However, reductions of the N2BA:N2B ratio and increased titin stiffness have been found in some human studies and in a mouse model of volume overload. 30, 31 Changes in titin phosphorylation could make the heart stiffer or more compliant, depending on the specific protein region (N2B-element or PEVK) involved. 32 Finally, it must be noted that the reduced diastolic chamber compliance evident in our ttna tv/+ fish is a common feature of clinical DCM and was observed at higher end-diastolic volumes than in ttna +/+ ventricles. There are several limitations of our study. Although ttna +/+ and ttna tv/+ fish were exposed to comparable levels of anemia, we cannot exclude the possibility that there were differential responses to hypoxia that might have contributed to the relatively greater contractile defects elicited by PHZ treatment in ttna tv/+ fish. Not all ttna tv/+ fish responded uniformly to anemia induction, with some showing accelerated cardiac dysfunction while others remained normal. Because all fish had shared genetic background and environmental conditions, the reason for individual variability is unclear. The extent to which the range of echocardiographic abnormalities seen in ttna tv/+ fish is fully recapitulated in human TTNtv carriers remains to be determined.
These findings have important clinical implications. Diverse physiological and pathological conditions, including pregnancy, endurance exercise, anemia, thyrotoxicosis, cardiac valvular disease, and congenital heart defects can result in ventricular volume overload. Given the high prevalence of these conditions and of TTNtv, the impact of hemodynamic stress on TTNtv-related cardiac phenotypes represents a gene-environment interaction that is likely to be encountered frequently in clinical practice. Our data suggest that hemodynamic stressors are not required for DCM development but can modify its phenotypic severity. These findings argue strongly for aggressive treatment or avoidance where feasible, of stress conditions in TTNtv carriers. Conversely, prophylactic intervention to reduce hemodynamic stress might attenuate DCM severity. It is notable that ventricular unloading by left ventricular assist device implantation improves systolic performance in patients with endstage heart failure associated with TTNtv. 33 Recent data have linked genetic variation in titin with an increased risk of atrial fibrillation, 34 and observations in families with TTNtv by our group and others 35 indicate a high prevalence of atrial fibrillation in some kindreds. The underlying mechanisms for this association are unclear and several factors may be involved. Reductions of sarcomere content were found in atrial, as well as in ventricular tissues in ttna tv/+ fish, suggesting that a primary cardiomyopathic process might be present that involves both chambers. Moreover, observations in ttna tv/tv embryos and older male ttna tv/+ fish demonstrated atrial contractile defects that were age and sex dependent. Six-month-old PHZ-treated males and older untreated female ttna tv/+ fish showed disproportionate atrial enlargement when compared with ttna +/+ fish, suggesting that ventricular diastolic dysfunction might be a further factor contributing to atrial pathologies. Although we observed no atrial arrhythmias during limited ECG recordings in ttna tv/+ fish, these findings collectively suggest that titin truncation might contribute to an atrial arrhythmogenic substrate and increase susceptibility to arrhythmogenic triggers.
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